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SUMMARY

We posit that chance plays a major role in the occurrence of many
common malformations that cluster in families but recur less fre-
quently than expected for simple Mendelian traits. Once the role of
random effects is accepted, the segregation of such malformations
may be explained on the basis of Mendelian transmission of a single
abnormal gene that predisposes to, but does not always result in, the
abnormal phenotype. We apply a stochastic (probabilistic) single-gene
model to the occurrence of malformations in mouse and man. The
stochastic single-gene model suggests the feasibility of isolating indi-
vidual genes that determine morphogenesis and sets limits on the pre-
cision with which the recurrence of malformations can be predicted.

THE THRESHOLD MODEL

Simple Mendelian unifactorial inheritance cannot explain the existence of dis-
eases characterized by familial clustering with recurrence risks significantly
<25%, unless the vague concept of "reduced penetrance" is invoked. Such
inheritance patterns are often explained by means of a "multifactorial thresh-
old" model (Penrose 1953; Edwards 1960; Carter 1965; Falconer 1965). The
model proposes the existence of "an underlying gradation of some attribute
immediately related to the causation of the disease" (Falconer 1965), with the
attribute defining the liability of an individual to develop the disease. The curve
of liability is continuous in both the general population and in relatives of
affected cases, but the curve for relatives is shifted in the direction of a greater
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propensity to develop the disease. When the liability exceeds a given threshold,
the disease is manifested in an individual. The liability subsumes all factors,
both intrinsic and extrinsic, that predispose to the occurrence of a disease.
Hence the model is multifactorial, with the major factors assumed to be genet-
ics and environment.

It was presumed that the multifactorial threshold model implies the involve-
ment of many genes (polygenic inheritance) because the model "excludes situ-
ations where the variation of liability is discontinuous, which would apply to
diseases determined by a single major gene" (Falconer 1965). Below we pre-
sent computer simulations that show, on the contrary, that a stochastic single-
gene model can yield continuous liability curves. On the basis of these simula-
tions, we would modify the multifactorial hypothesis in two ways. First, we
would include the role that chance plays during development, so that two
individuals with identical genotypes and environments can have different phe-
notypes; a complete multifactorial model would include genetics, environment,
and chance as factors (Newman 1985). Second, we would demonstrate that
stochastic single-gene models describe adequately the quantitative specifica-
tions for which polygenic models were elaborated, with risk depending on the
closeness and number of affected relatives.

A STOCHASTIC SINGLE-GENE MODEL FOR CARDIAC-SEPTAL DEFECTS

We performed computer simulations to describe endocardial cushion out-
growth and fusion (Kurnit et al. 1985a). In these simulations, randomly walking
endocardial cells were allowed to migrate, divide, and adhere with probabilities
set in advance. The random walk continued until all cells adhered to at least
one neighbor and no further change was possible. Figure 1 describes cushion-
to-cushion fusion, and figure 2 describes cushion-to-septum fusion. Technical
and anatomic details are described in the legends to figures 1 and 2 and in
Kurnit et al. (1985a).
The striking result was that variability in outcome was observed among

multiple, independently performed simulations that used identical parameters.
Figure 1 simulates endocardial cushion-to-cushion fusion; although the values
of adhesion, migration, and division were identical in all four simulations, sig-
nificant differences were observed in the final state, i.e., the intactness of the
"septum" configured by the endocardial cells represented as dots in the out-
lined rectangles. Figure 2 simulates endocardial cushion-to-septum fusion;
again, the parameters were identical in each of the four simulations, but the
final outcomes differed. The first simulation in figure 2 shows normal, complete
atrioventricular (AV) canal septation, whereas the other simulations in figure 2
manifest atrial (dorsal AV canal) and/or ventricular (ventral AV canal) septal
defects (VSD). Figures 1 and 2 pictorialize how stochastic effects can yield sig-
nificant phenotypic variability among individuals having identical genotypes
and environments.
The stochastic variability that we observed among simulations can be de-

tected early during the simulations. Figure 3 depicts the distribution of adher-
ent (blue) cells no longer free to migrate and of nonadherent (yellow) cells still
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FIG. 1.-Stochastic effects on computer simulations for endocardial cushion-to-cushion fusion.

The details and parameters of the computer simulations depicted are given in detail in Kurnit et al.
(1985a). In brief, random-walking endocardial cells (starting as two lines corresponding to the two
endocardial cushions) were allowed to migrate, divide, and adhere according to preselected proba-
bilities for these options. The options were defined as (1) migration of one space in any one of four
directions (up, down, left, or right), (2) cell division followed by migration of one of the daughter
cells, and (3) quiescence, i.e., no migration or cell division. After a round in which every cell is
afforded the opportunity to divide, migrate, or remain quiescent, any pair of cells that lies on
adjacent nondiagonal grid cells was given a fixed probability to undergo cell-cell recognition and
"adhere." Cells that adhered were no longer able to divide or migrate, although other cells could
adhere to them. The process of allowing each cell to migrate and/or divide, followed by an exami-
nation of the grid for cell pairs that were then allowed to adhere, was iterated repetitively. In the
simulations depicted above, the probabilities are as follows: migration = .7; division = .2; quies-
cence = . 1; and adhesion, A, = .25. A gradient of migration was employed so that cells from the
upper cushion were more likely to move downward and vice versa, as in the study of Kurnit et al.
(1985a). The outlined rectangle represents the targeted area of cushion-to-cushion fusion (Kurnit et
al. 1985a); as in the chick embryo (Hay and Low 1972), this region is packed more densely with
cells from opposing cushions than are the surrounding regions. The same values for all parameters
were used in each of the panels in fig. 1, so that the variations in outcome (i.e., the number of cells
in the targeted rectangle) reflect stochastic differences due to the pseudorandom numbers gener-
ated during each of the independent probabilistic computer simulations depicted above.

free to migrate during simulations depicted in figure 2. Although large numbers
of cells are involved in the simulation, outgrowth of the model endocardial
cushions devolved from outgrowth of few clusters of nonadherent cells. The
number, configuration, and longevity of this limited number of growth clusters
were determined early during the course of these simulations when there were
few endocardial cells. Panel A of figure 3 illustrates the growth clusters in a
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FIG. 2.-Stochastic effects on computer simulations for endocardial cushion-to-septum fusion.

The drawing depicts the anatomy of the endocardial cushions in the AV canal, with an oblique
orientation close to the muscular ventricular septum. VS = ventricular septum; SC = superior
endocardial cushion; IC = inferior endocardial cushion; LV = left ventricle; LA = left atrium; AS
= atrial septum; and Sept I = septum primum. The model portrays the AV canal as a circle to
simplify the simulation. In the model, random-walking endocardial cells were allowed to migrate,
divide, and adhere as in fig. 1. No gradient of migration was used. In each of the above four simula-
tions, identical parameters were used, with probabilities as follows: division = .3; migration = .3;
quiescence = .4; and adhesion = .1. Significant variability was observed, with phenotypes ranging
from normal (no. 1) to significant atrial (A) and ventricular (V) septal defects (nos. 2-4).
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simulation that yielded normal (complete) AV canal septation (fig. 2, simulation
1); panel B illustrates the growth clusters in a simulation that yielded abnormal
(incomplete) septation (fig. 2, simulation 4). In these simulations, the final
outgrowth of large numbers of cells depends sensitively on probabilistic in-
teractions among small numbers of cells and growth clusters, thereby amplify-
ing the effects of initial stochastic variations and introducing a significant role
for chance.

Figure 4 demonstrates how the stochastic single-gene model can generate the
family of continuous liability curves postulated in the multifactorial threshold
model (Falconer 1965). We performed multiple independent iterations of the
computer simulation for endocardial cushion-to-cushion fusion (fig. 1). Each of
the 1,000 simulations summarized in a given panel of figure 4 used identical
parameters, thereby defining equivalent genotypes and environments for each
of the simulations within a panel. The abscissa represents the number of cells
that were present in the targeted region of cushion-to-cushion fusion (the area
inside the rectangles in fig. 1) after a given simulation ran to completion, and
the ordinate represents the fraction of simulations that yielded the number of
cells indicated on the abscissa. The variability observed among simulations in
each panel must therefore be stochastic. This stochastic variability results from
probabilistic interactions among small numbers of cells in early development
(see fig. 3). As demonstrated by the curves in figure 4, this variability is intrinsic
to the simulation, is distributed continuously, and does not require the invoca-
tion of outside factors such as other genetic changes or environmental in-
fluences. These simulations illustrate how morphogenesis can be represented
as a game of chance.
As depicted in figure 4, the stochastic single-gene model can simulate a

multifactorial threshold model. We considered the number of cells in the tar-
geted area of endocardial cushion-to-cushion fusion (fig. 1) to represent intact-
ness of the modeled endocardial septum. The presence of a threshold value of
¢25 cells in this targeted area was considered to be normal, whereas <25 cells
was considered to represent an endocardial cushion defect. Since single genes
can control intercellular adhesiveness (Edelman 1984), we modeled single-gene
changes by altering a single parameter in our simulations, viz., the value for
intercellular adhesiveness. Thus, the only parameter that distinguishes each of
the panels in figure 4 is the adhesiveness value (denoted as A in fig. 4). As the
adhesiveness value is increased, the liability curves are shifted to the left,
yielding an increased risk to develop an endocardial cushion defect. Two sa-
lient points emerge. First, the family of curves resembles the continuously
distributed normal liability curves of the multifactorial threshold model. Al-
though the curves in figure 4 need not be normal to conform to the multifacto-
rial model of Falconer (1965), most of the curves in figure 4 indeed pass a
Kolmogorov-Smirnov goodness-of-fit test for normality. Second, an irreducible
residuum of uncertainty remains: knowledge of both an individual's genotype
and environment does not guarantee whether an individual will manifest a
defect, although it does predict the probability (risk) of manifesting the defect.
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RECURRENCE RISKS PREDICTED BY THE STOCHASTIC SINGLE-GENE MODEL

Figure 5 depicts the recurrence risks expected from a stochastic monogenic
threshold model. As proposed by James (1971), assume a two-allele model in
Hardy-Weinberg equilibrium, with the wild-type allele denoted A and the mu-
tant allele denoted B. Let she gene frequency for A = a, and the gene fre-
quency for B = 1 - a = b (see Appendix for more detailed discussion). As
depicted in figure 5, the general features of this model are similar to those
described by polygenic inheritance models: given an affected index case, the
risk to his or her first-degree relatives is considerably above the background
level (the risk in the general population), and this risk decreases as the relation-
ship becomes more remote, approaching the background level. Since mutant
homozygotes are at greater risk than heterozygotes to manifest the abnormal
phenotype (James's model includes a dominance-variance component), the risk
to siblings may be greater than the risk to other first-degree relatives, as has
been observed in some clinical studies (Carter 1965; Nora 1968).

EPIDEMIOLOGY OF CARDIAC-SEPTAL DEFECTS
In Down syndrome, most congenital heart defects represent an AV canal

defect due to abnormal outgrowth of tissues that relate to the endocardial
cushions (for review, see Kurnit et al. 1985a). Significant variability occurs,
with -40% of individuals with Down syndrome manifesting overt congenital
heart defects. These malformations include complete, ventral (membranous-
type VSD), and dorsal (atrial septal defects) AV canal defects. Even Down
syndrome subjects who do not have a clinically significant defect may manifest
a forme fruste characterized by enlargement of the membranous ventricular
septum relative to the muscularized ventricular septum (Rosenquist et al.
1974). Discordance for congenital heart defects between monozygous twins
with Down syndrome has been noted (Rehder 1981). In the murine trisomy 16
model for human trisomy 21, inbred trisomy 16 littermates are also discordant
for congenital heart defects (Miyabara et al. 1984), a result that again docu-
ments the importance of stochastic effects.
A recent comprehensive survey (Newman 1985) of the epidemiology of VSD

supported the conclusion that chance plays a major role in the etiology of VSD
in man. Incidence rates for VSD are similar in different races and seasons and

FIG. 3.-Instability of growth processes during endocardial cushion outgrowth. The pattern of
endocardial cushion outgrowth for two of the simulations depicted in fig. 2 is shown, with adherent
cells (that may no longer migrate or divide) indicated in blue and nonadherent cells (still free to
migrate and/or divide) indicated in yellow. The patterns are shown at 50, 100, 200, and 300 itera-
tions of the program, as defined in fig. 1. The final result is obtained when all cells are nonadherent
(blue). Panel A shows the time course of cushion outgrowth for the simulation (fig. 2, no. 1) that
gave normal, complete cushion outgrowth; panel B shows the analogous time course for the simula-
tion (fig. 2, no. 4) that gave abnormal cushion outgrowth with both atrial and ventricular septal
defects. Inspection shows that the abnormal simulation results from the early extinction of clusters
of nonadherent (yellow) cells or from the encirclement of such clusters by adherent (blue) cells; in
contrast, the normal simulation results from the continued presence and activity of these clusters of
nonadherent (yellow) cells.
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FIG. 4.-Threshold model for stochastic monogenic inheritance. The computer simulations that

depict endocardial cushion-to-cushion fusion (fig. 1) were run 1,000 times apiece for a given set of
parameters. The number of cells in the targeted rectangle (representing the region of cushion-to-
cushion fusion) was counted at the end of each simulation, when no nonadherent cells remained.
Each panel depicts the tabulation for this number of cells following multiple simulations using a

given set of parameters. The abscissa gives the number of cells in the targeted rectangle, and the
ordinate gives the fraction of simulations using a given set of parameters that yielded that number
of cells in the rectangle. The line perpendicular to the abscissa at 25 cells indicates the threshold
value, below which it was judged that too few cells were present to yield a normal cushion-to-
cushion fusion. All simulations in fig. 4 used the same values of migration, division, quiescence,
and gradient used in fig. 1. In each panel, a different value of adhesiveness (A) was used. In each
panel, the percentage of simulations that yield abnormal simulations with <25 cells in the targeted
rectangle is given. As the adhesiveness is increased, there is a tendency for fewer cells to reach the
targeted rectangle, increasing the probability of an endocardial cushion defect. Since only a single
parameter, adhesiveness, is varied among the panels, the data shown here exemplify a single-gene
stochastic model. To test whether the curves conformed to a normal distribution, we employed a
Kolmogorov-Smirnov test (Sokol 1981). The curves for A = 0.15, A = 0.20, and A = 0.25 did not
differ significantly from the normal distribution when this test was used (P > .05); the curve for
A = 0.3 was truncated, so that application of this test was not appropriate.

do not correlate with maternal age, birth order, sex, or socioeconomic status.
Few cases are attributable to teratogens. Although genetic factors are im-
plicated by a recurrence risk of between 1% and 5% for congenital heart disease
in first-degree relatives (summarized in Newman 1985), most VSD are not
associated with recognized Mendelian or chromosomal syndromes. Further
support for the role of stochastic effects comes from the finding that monozy-

gotic twins, who share identical genotypes and similar prenatal environments,
show a high discordance rate (only 2/26 concordant) for VSD (Newman 1985).
A classic example of the interaction between a single-gene mutation and

chance is the existence of murine and human autosomal recessive single-gene
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FIG. 5. -Population structure derived from single-gene stochastic inheritance model. Depicted
are the risks to relatives of an index case whose genotype is unknown. The risks were calculated
from the model of James (1971), as described by the equations in the Appendix. The probability
that a given genotype shows the abnormal phenotype was set as follows: PO (aa, wild-type homozy-
gote) = .001; PI (ab, heterozygote) = .05; P2 (bb, mutant homozygote) = .5. Symbols denote risk
for the general population (V), second-generation ancestor or descendant (*), first-generation
ancestor or descendant (U), sibling other than monozygous twin (0), and monozygous twin (0).

mutations that result in random determination of situs, so that 50% of mutants
homozygous for the mutant gene manifest situs inversus (fig. 6) (Kartagener
1933; Feldman 1935; Cockayne 1938; Ivemark 1955; Afzelius 1976; Layton
1976; Arnold et al. 1983; Niikawa et al. 1983). As illustrated by the murine ivliv
(Hummel and Chapman 1959; Layton 1976; Layton and Dupree, in press)
mutant, the salient features consistent with a stochastic single-gene model are
as follows: (1) A single mutant gene is responsible for the abnormal phenotype.
(2) Chance plays a major role, as evidenced by the coin-flip determination of
laterality. (3) Other malformations, including AV canal defects, are present in a
significant plurality of animals but are not present in all animals. These features
have all remained true following the crossing of the iv/iv mutation onto an
inbred C57BL/6 background, so that phenotypic variability due to chance per-
sists among littermates having identical genotypes and uterine environments.
Thus, in a number of cases all cardiac septal defects involve interactions

between chance and genes. In the ivliv mouse, a single gene is involved. In the
more general case of congenital heart disease in the population, the epidemiol-
ogy (Newman 1985) is compatible with that described by the stochastic single-
gene model, with an incidence of 1%-5% in first-degree relatives and 8% con-
cordance between monozygotic twins. (In advocating a single-gene model, we
do not imply that a single gene is responsible for all VSD; rather we imply that,
within a given family, mutation at a single locus may be responsible for the
predisposition to VSD. As discussed below, specific single-gene mutations in
given families may be associated with different risks.) In Down syndrome, we
have shown that abnormal intercellular adhesiveness exists (Wright et al. 1984)
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FIG. 6.-Random determination of laterality in iv/iv mice. Two 10-day embryonic littermates
with identical iv/iv genotypes are shown: the mouse on the left manifests normal (right-handed)
coiling, whereas its littermate shows a left-handed coil. Reprinted from Layton (1976) (© 1976 by
the American Genetic Association).

and might underlie the occurrence of VSD in this disorder, based on dosage for
gene(s) encoded by chromosome 21 that effect adhesiveness of endocardial
cells (Kurnit et al. 1985a). In some cases, VSD may occur by chance without
genetic predisposition. For example, ectopia cordis (which does not show fa-
milial clustering and is associated with heart defects including VSD [Van
Praagh et al. 1977]) results from a developmental accident at 3 wk gestation
(Kaplan et al. 1985). All these findings indicate that both genetics and chance
are causal in the etiology of cardiac septal defects.

EVIDENCE FOR THE STOCHASTIC MODEL IN NATURE

The figures in the present article illustrate how chance plays a role in cardiac
malformations; we note that the principle is more general, since stochastic
models can explain a number of developmental phenomena, including cell
growth (Smith and Martin 1973; Rabinovitch 1983), aging (Holliday et al. 1977;
Smith and Whitney 1980), hemopoiesis (Till et al. 1964; Gusella et al. 1976;
Stamatoyannopoulos et al. 1981; Suda et al. 1984; Kurnit et al. 1985b), dif-
ferentiation of B lymphocytes (Coleclough 1983), and oncogenesis (Knudson
1971; Moolgavkar and Venzon 1979). In particular, the molecular basis for the
stochastic event in retinoblastoma has been elucidated: it is the occurrence of a
gene conversion or mitotic crossover in cells previously heterozygous at a
single locus that results in homozygosity for the abnormal allele (Cavenee et al.
1983). The latter case illustrates that a single-gene stochastic model can explain

988



GENETICS, CHANCE, AND MORPHOGENESIS

the occurrence of retinoblastoma, and the model appears to be applicable to
other cancers as well (Dryja et al. 1984; Solomon 1984; Burt et al. 1985; Koufos
et al. 1985).

STOCHASTIC SINGLE-GENE MODEL:
COMPARISON BETWEEN OBSERVED AND PREDICTED DATA

The epidemiology of malformations not associated with recognized Mende-
lian syndromes has several features that must be explicable under any model
purporting to explain non-Mendelian transmission. We detail how the stochas-
tic single-gene model can explain these features as follows:

1. In general, recurrence risk increases with the number of affected relatives
(Edwards 1960), with the severity of the defect in the index case, and with
whether the index case occurs in a group (e.g., a particular sex or ethnic group)
in which the malformation is less commonly seen. In the stochastic single-gene
model, as in the polygenic model, such cases would likely have a more abnor-
mal genotype whose risk curve (figs. 4, 5) is shifted further away from the
norm. In the single-gene model, such cases with a more abnormal genotype
would correspond to homozygotes for an abnormal allele, to the more abnor-
mal allele of a series of mutant alleles at a single locus, and/or to a single mutant
gene locus associated with higher risks than are other mutant loci in different
families.

2. Single-gene Mendelian syndromes are recognized on the basis of pheno-
types, which are often complex. Most such recognizable syndromes (Smith
1982) consist of a constellation of features, any one of which is present in only a
fraction of those with the disorder. Thus, stochastic factors operate in Mende-
lian malformation syndromes as well, resulting in the variability with which
different features of the syndrome are found in different affected individuals,
even in members of the same kindred in whom the genetic abnormality at the
affected locus is identical. In this light, Mendelian syndromes can be consid-
ered as a special case of the stochastic single-gene model. If this model is
assumed, Mendelian transmission of a syndrome ensues either from a high
probability of manifesting one or a few traits or from moderate probabilities of
manifesting any of a larger number of traits. To identify less "penetrant"
single-gene syndromes (figs. 4, 5), one should search for phenotypic markers
that are manifested with higher probabilities than the clinical condition itself
(e.g., use both abnormal eye movements and psychotic behavior to ascertain
gene carriers for a putative single allele for schizophrenia [Matthysse et al.
1986], establish linkage to DNA markers [Botstein et al. 1980] as in familial
Alzheimer's disease [St. George-Hyslop et al. 1987], or search for premalignant
lesions such as adenomatous colonic polyps in familial colorectal cancer pedi-
grees [Burt et al. 1985]). Mathematical methods are available for analyzing
latent Mendelian traits with a number of possible manifestations (Matthysse et
al. 1986).

3. A criticism that might be directed at the single-gene model in figure 5 is
that the recurrence risk does not fall off steeply enough among successive
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generations (Carter 1965). The introduction of selection effects and/or an oligo-
genic model invoking a few major loci (Hopkinson et al. 1964) can yield such
steeper gradients.

4. In sum, the single-gene stochastic model can satisfy the specifications for
which polygenic models were elaborated. Indeed, the single-gene stochastic
model is more flexible, since the upper boundaries for recurrence risk that are
inherent in polygenic models (Edwards 1969; Smith 1971) do not apply.

THE ROLE OF CHANCE IN DEVELOPMENT

The concepts that we outline should be applicable to a wide variety of events
in morphogenesis. Details of the mechanics of the model are not critical. For
example, other computer simulation models (Fraser 1980; Bodenstein, in press)
that made very different assumptions about how migration and adhesiveness
might affect morphogenesis also yielded significant variability on a stochastic
basis. Inorganic growth processes determined on the basis of surface tension
and diffusion may also be simulated by an irreversible stochastic model (Rik-
vold 1982). Thus, although our simulations were meant to model cardiogenesis,
the concepts that we outline should apply to any event in which small numbers
of units interact, in probabilistic fashion, in a way that influences later masses
involving larger aggregates (see fig. 3). Since an 8-day mouse embryo has _104
(Ozato et al. 1985) cells, and since our simulations (figs. 2, 3) involved as many
as 10 cells, the embryo and its constituent organs do indeed contain a suf-
ficiently small number of cells at critical times of organogenesis.
A major concept that is evident in our simulations is that randomness de-

volves from sensitive dependence on initial conditions and events. In tradi-
tional classical mechanics, two objects that start close together and obey the
same deterministic laws will remain near each other over time. In contrast, in
many common dynamical systems, it is now known that, however close the
starting points of two objects, they may eventually be found far apart (Ruelle
1980). Thus, even a deterministic system may behave in a chaotic or unpredict-
able way. Dynamical systems sensitive to initial conditions and/or small pertur-
bations early during their evolution (see fig. 3) will amplify stochastic events, so
that the eventual outcome may, as in our simulations, evidence randomness
(Lorenz 1963; Ruelle 1980).

In our view, randomness is inherent in embryology, not merely an artifact of
the incomplete state of our understanding of developmental processes. It is not
a fundamental randomness in the quantum-mechanical sense, i.e., an uncer-
tainty that escapes all possible reduction by measurement. If the positions and
characteristics of every cell in the developing embryo were known, it would be
possible in principle to predict its development, and there would be no ran-
domness in outcome. Rather, biologic uncertainty ensues from sensitivity to
early perturbations: if the state of the embryonic system is described at the
level of detail proper to biology, small but significant fluctuations will occur
from embryo to embryo; amplification of these fluctuations (see fig. 3) yields an
element of randomness in developmental outcome that cannot be escaped.
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IMPLICATIONS FOR CLINICAL GENETICS

We have presented evidence that several factors play a role in the occurrence
of phenotypic differences, including such differences as inborn errors of mor-
phogenesis: genetics, environment, and chance all play a role in the expression
of a given phenotype. We emphasize three concepts. First, chance is a signifi-
cant factor in development. Second, multifactorial patterns of inheritance may
be explained by single-gene models as well as by polygenic models. Third, even
if it becomes feasible to predict and/or control both genotype and environment
during pregnancy, birth defects due to chance will still occur.
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APPENDIX

Assume Hardy-Weinberg equilibrium for a two-allele autosomal locus with gene fre-
quency = a for the wild-type allele (A), and gene frequency = b for the mutant allele
(B). The probability that an individual with genotype AA shows the abnormal pheno-
type is P0; the probability that the genotype AB shows the abnormal phenotype is PI;
the probability that the genotype BB shows the abnormal phenotype is P2.
The probability that any individual will manifest an abnormal phenotype = (P0)

(probability that an individual has genotype AA) + (P1) (probability that an individual
has genotype AB) + (P2) (probability that an individual has genotype BB).
The incidence, x, of the phenotypic abnormality in the general population is x = P0a2

+ 2Pab + P2b2. The fraction of affected cases due to each genotype is as follows:
Fraction due to AA = P~a2fx; fraction due to AB = 2Plab/x; and fraction due to RB =
P2b2Ix.
The probability that an nth-degree descendant or ancestor of an index case will

manifest the malformation is greater than the incidence in the general population. The
calculations for inheritance by descent are analogous to those of Li and Sachs (1954). If
the index case is a homozygote (AA or BB), then the probability that an nth-generation
descendant has inherited the given allele from the index case by descent is ('/2)n- 1. If the
index case is a heterozygote, then the probability that an nth-generation descendant has
inherited the A allele from the heterozygous index case by descent is (½/2)n; analogously,
the probability that an nth-generation descendant has inherited the B allele from the
heterozygous index case by descent is also (1/2)n. For the case in which the chromosome
is inherited from the index case or descendants, the probability that an nth-generation
descendant inherits the allele on that chromosome from a family member other than the
index case is 1 - ('/2)"- 1; in this event, the probability of inheriting allele A = a and the
probability of inheriting allele B = b, reflecting the frequency of these alleles in
the general population. For the case in which the chromosome is inherited through
the parent not descended from the index case, the probability of inheriting allele A = a
and the probability of inheriting allele B = b, again reflecting the frequency of these
alleles in the general population.
The probability, P, that an nth-generation descendant of an index case will be affected

is determined for each of the three types of index cases (i.e., the index case is AA, AB,
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or BB). For each of the three cases, the probability that the nth-generation relative will
have a given genotype, and thence an abnormal phenotype, is determined on the basis of
the above considerations. For each of the three cases, this probability is then multiplied
by the fraction of index cases that carry the specified genotype. Summation of the
probabilities for all three cases then yields P.
For the special case of siblings, without a priori knowledge of the parents' genotypes,

the following considerations apply: (1) If the index case has genotype AA, then
the probability that a sib has genotype AA = (1 + a)214, that the sib has genotype BB
= b2A4, or that the sib has genotype AB = 1 - (1 + a)2/4 - b214. (2) If the index case
has genotype BB, then the probability that a sib has genotype BB = (1 + b)214, that the
sib has genotype AA = a2A4, or that the sib has genotype AB = 1 - (1 + b)214 - a2/4.
(3) If the index case has genotype AB, then the probability that a sib has genotype AA =
(a + a2)/4, that the sib has genotype BB = (b + b2)14, or that the sib has genotype AB
= 1 - (a + a2)14 - (b + b2)14.
For the special case of monozygotic twins, both twins have identical genotypes.
If all of the above considerations are taken into account, the following results occur:

(1) The probability, P. that an index case's monozygotic twin will manifest the abnormal
phenotype is P02a21x + 2P12ablx + P22b21x. (2) The probability, P, that an index case's
first-generation relative (other than siblings) will manifest the abnormal phenotype is

P2b2 2P~abP2-(aP1 + bP2) + [a12(P1 + PO) + b12(P2 + P1)] + (aPo + bP1)
x x x

If the above relation is generalized, the probability, P, that an index case's nth-
generation relative (other than siblings) will manifest the abnormal phenotype is as
follows:

P2bbba[(112)n-l(p) + (I _ (,/2) )(aPo +bP[1)

x~~~~
+

X
{l2nlP)+[ l2nl(~ P)

+ l~ a{(2)np, + (,12)npo + [I (1/2) -l(aPo + bP )}

+ 2Plab b{(½/2)nP2 + (1/2)nlp + [1 - ('/2)n-1](aPI + bP2)}
x

+ aPabb (1/2)P + (PO) + (1- ('/2) )(aPo + bP2)]
x

+ b{(1/2)n-l(Pl) + [1 - (,/2)n-'](aPI + bP2)}
x

The probability, P, that an index case's sibling will manifest the abnormal phenotype is
as follows:
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P4a2 [PO(1 + a)2 + PIz + P2b2]

+ 2x [Po(a + a2) + P1(3 - a2 - b2) + P2(b + b12)]

+ P b2[Poa2 + Ply + P2(1 + b)2]
4x

where z = 4 - (1 + a)2- b2, and y = 4 - (1 + b)2 - a2.
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